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Wire-speed Multi-Dimensional Packet Classifier 

by inventors 

Rodoifo Milito, Adolfo Nemirovsky, and Mario Nemirovsky 

Field of the Invention 

The presem, invention is in the field of digital processing and Internet 
routing devices, and pertains more particularly to apparatus and methods for 
packet classification and processing. 

Background of the Invention 

The presem. invention is in the area of routing devices in packet 
networks, such as the well-known Internet network, and in the tasks of 
identifying and piocessing packets in routing devices. Packets in such a 
network are logical groupings of data. A packet includes a header, typically 
having several fields which contain identity and control information. A 
separate part of the packet contains the main information to be transmitted 
by a path determined in the routing process. 

Routing ad ions taken by network routing devices are governed by 
pre-programmed rules, and a typical network routing device can have a large 
number of rules. A network routing device makes routing decisions based 
on information coded in header fields of a packet to select a rule that applies 
to that packet. As described above, a typical network routing device can 
have many rules and can exercise a number of actions on a packet including, 
but not limited to routing, dropping, queuing and labeling. 



The header fields in a packet may have as many as 128 bits for the next 
generation Internet Protocol, known in the art as Internet Protocol version 6 
(IPv6). Ipv6 is a proposed replacement protocol for the current version of 
Internet Protocol, referred in the art as IPv4, or Internet Protocol version 4. 

The mapping of the values of certain header fields to the set of rules is 
referred to in the art as packet classification, which is the technology area of 
the present invenlion. The function of packet classification enables network 
managers to specify policies that identify network traffic in order to 
partition, or classify that traffic into multiple priority levels, and is at the core 
of functionality ir the new generation of network routing devices. 

Packet classification is an active area of research, the speed and 
efficiency of which has been determined by the inventors to have limitations 
bound by current technology. Previous work in this field has provided some 
solution to the prablem, one example being the Lakshman and Stiliadis 
solution, summarized below in more detail. This solution is described in a 
paper entitled "ELgh-Speed, Policy Based Forwarding Using Efficient Multi- 
dimensional Ran£;e Matching" published by Proc. ACM SIGCOMM 
September 1998, pp 191-202. This paper is incorporated herein by 
reference. 

Packet classification is a conceptually relatively simple problem turned 
difficult by the ccmbined demands of speed, dimensionality and size of the 
fields in the current and impending technology. In terms of speed there is a 
growing need for processing packets at wire speeds in ports operating at 
OC-48 and higher. In terms of dimensionality the number of rules may be in 
the range of thousands, and even hundreds of thousands. The number of 
fields in IPv4 to be examined for classification is up to 5, and each field can 
be up to 32 bits bng. When newer versions of Internet protocol are used 



(IPv6), there may well be more fields of greater length and the problems will 
be multiplied. 

What is clearly needed is a method and apparatus for faster and more 
efficient multi-dimensional mapping of header fields in a packet to a rule or 
set of rules, and that overcomes the speed limitations in packet classification 
that exist in current technology. The present invention builds upon previous 
work in the art, providing a solution to the long-standing problem of the 
limitations inhere it in current technology, at a cost of very little added logic 
in a system design. 



Summary of the Invention 



In a preferred embodiment of the present invention a system for 
classifying packers, wherein each packet has N header fields to be used for 
processing is provided, the system comprising a first set of rules associating 
to the packets by values of the header fields, and a classification system for 
selecting specific rules in the set of rules as applicable to a specific packet. 
The system is characterized in that the classification system projects the first 
set of rules as N- dimensional entities on N axes in N-dimensional space, 
marking the begi ining and ending value on each axis for each rule as a 
breakpoint, numbers intervals between breakpoints in sequential binary 
numbers, associates a subset of the first set of rules as applicable in each 
interval between breakpoints on each axis, then considers a packet as a point 
in the N-dimensional space according to its header field values, locates the 
binary numbered interval into which the point projects on each axis by 
performing a search on each axis for the numbered interval into which the 
point projects or that axis, thereby determining rules applicable to the packet 



for that axis, and then determines the specific rules applicable to the packet 
from the subsets of rules by selecting those rules as applicable to the packet 
that apply to the racket on all of the N axes. 

In one preferred embodiment the search performed on each axis is a 
binary search conducted by selecting breakpoints at which the bits change 
for the binary numbered intervals. In other embodiments the search 
performed on each axis is a quatenary or higher-level M-ary search, where M 
is a power of 2, conducted by selecting breakpoints at which the bits change 
for the binary numbered intervals. 

In some embodiments association of applicable rules in each 
numbered interval is made by associating a binary string with each interval, 
with one bit dedicated to each rule. Also in some embodiments the rules are 
associated to bit sositions in the binary string by priority, the order of 
priority according to bit significance, and a final rule is selected by the most 
significant 1 in the matching rules. In preferred embodiments the applicable 
rules are found b / ANDing the binary strings determined for each axis over 
all axes. 

In some embodiments there is at least one hardware pipeline for 
conducting the search on an axis, the pipeline comprising first, second, and 
sequential modules for accomplishing increasingly particular portions of the 
search, wherein, after the first module of the sequential modules is used, 
determined values from the first module pass to the second module, and 
values for a second packet enter the pipeline at the first module, the pipeline 
operations proceeding thus sequentially. There may also parallel pipelines 
with one pipeline: dedicated to searching on each axis in the N-dimensional 
space, wherein searches are conducted for applicable intervals 
simultaneously on each axis. Also, applicable rules for each interval on each 
axis may be represented by individual bitmaps, with each rule assigned a bit 



position, and the outputs of the parallel pipelines, being the numbered 
interval on each axis into which the point for a packet projects, may be 
exchanged for the associated bitmaps, which are then ANDed to determine 
the applicable rules. 

In some enbodiments of the invention searching is interleaved, such 
that results of searching on one or more axes being applied to other axes 
before searching on the other axes. In some interleaving embodiments rules 
that are found by search to not apply on one or more axes are not considered 
in searches condu cted on the other axes. 

In another aspect of the invention a method for classifying packets in 
routing, wherein each packet has N fields to be used in processing in a 
header is provided, comprising the steps of (a) projecting the rules as N- 
dimensional entities on N axes in N-dimensional space; (b) marking the 
beginning and ending value on each axis for each rule as a breakpoint; (c) 
numbering intervals on each axis sequentially with binary numbers; (d) 
identifying those breakpoints at which bits in the interval numbers change; 
(e) associating a subset of the rules as applicable in each interval on each 
axis; (f) considering a packet as a point in the N-dimensional space 
according to values of the header fields for the packet; (g) determining by 
search the binary numbered interval on each axis into which the packet point 
projects; (h) substituting the subset of rules that apply for each determined 
interval; and (i) selecting those rules as applicable to the packet that 
associate to the packet on all of the N axes. 

In some embodiments of the invention, in step (g), the determination 
is made by a binary search. Also in some embodiments, in step (g), the 
determination is made by a quatenary or higher-level M-ary search. 
In some embodiments of the method, in step (e), association of applicable 
rules in each numbered interval is made by associating a binary string with 
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each interval, witli one bit dedicated to each rule. The rules may be mapped 
to bit positions in the binary string by priority, the order of priority according 
to bit significance, and a final rule is selected by the most significant 1 in the 
matching rules. The matching rules are found by ANDing the binary strings 
5 determined for each axis over all axes in step (i). 

In one embodimeit of the method, in step (g), the search is conducted by 
sequential modules in at least one hardware pipeline, the pipeline comprising 
first, second, and sequential modules for accomplishing increasingly 
particular portions of the search, and, after the first module of the sequential 
IP; modules is used, determined values from the first module pass to the second 

^ module, and values for a second packet enter the pipeline at the first module, 

JJf the pipeline operations proceeding thus sequentially. In this embodiment 

there may be parallel pipelines with one pipeline dedicated to searching on 
m each axis in the >. -dimensional space, with searches conducted for applicable 

JS. interval simultaneously on each axis. 

0" In some embodiments applicable rules for each interval on each axis 

fu are represented b / individual bitmaps, with each rule assigned a bit position, 

JS and the outputs of the parallel pipeline, being the numbered interval on each 

axis into which tt e point for a packet projects, are exchanged for the 
20 associated bitmaps, which are then AMDed to determine the second set of 

matching rules. In some embodiments, in step (g), searching is interleaved, 
results of searching on one or more axes being applied to other axes before 
searching on the other axes. In these embodiments rules that are found by 
search to not apply on one or more axes may not be considered in searches 
25 conducted on the other axes. 

In another aspect of the invention, in a system for classifying packets 
by binary or higher-level searching for intervals into which rules project on 
axes, a method for simplifying a search is provided, comprising the steps of 
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(a) conducting a iirst search on one or more axes; and (b) using information 
from the first seaich to simplify further searching on remaining axes. 

In various embodiments of the present invention taught in enabling 
detail below, for 1he first time a very fast and reliable method and apparatus 
5 is provided for mapping rules to packets in a packet routing device. 

Brief Description of the Drawings 

10 Fig. 1 is a mapping of three rules onto two axes representing two 

■m header fields for a packet. 

H:; Fig. 2 is a table relating breakpoints in the mapping of Fig. 1 with 

3ft interval numbers and bitmaps of rule association by interval. 

"l*. Fig. 3 is tie graphical representation of Fig. 1 with a specific packet 

f$ represented 

2 Fig. 4 is a table illustrating a first search step in relating rules to a 

(7. packet. 

Lr Fig. 5 is a table representing a second step in relating rules to 

Q packets. 

20 Fig. 6 is z. table representing a third step in relating rules to packets. 

Fig. 7 is en illustration of a pipelined process for processing packets 
in an embodiment of the preset invention. 

Fig. 8a is an illustration of branching in a binary search process. 
Fig. 8b is an illustration of branching in a quatenary search process. 
25 Fig. 9 is an illustration of an alternative pipelined process in an 

embodiment of the present invention. 
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Description of the Preferred Embodiments 

5 

In the Lakshman and Stiliadis solution referred to above there are two 
phases: a pre-processing phase and a packet-by-packet phase. In the pre- 
processing phase rules are considered as multi-dimensional entities, there 
being as many dimensions as there are header fields to be used in 

10 classification in packets to be processed, and the rule dimensions are 

J= projected onto C irtesian axes. 

! £j For illustrative purposes, more than three dimensions are difficult to 

J? represent graphically, and fields with a large number of bits are cumbersome 

as well, but the principles of the Lakshman and Stiliadis method as well as 
T5 features of the present invention may be described for practical purposes in 

C two dimensions. In the following example there are two five-bit header 

C fields for packets, and three rules. 

^ Fig. 1 is a Cartesian representation of three rules labeled (1), (2) and 

C (3) projected on an X-axis and a Y-axis each having a hexadecimal range of 

20 0 to IF, there be ng 5 bits in each header. The X-axis represents one of the 

two header fields, in this case labeled Field (A), and the Y-axis represents 
the other field, ir this case labeled field (B). The position and order of the 
axes is arbitrary. This representation is reasonable, as rules must associate to 
header values. 

25 In this rath er simple example the upper and lower field value 

boundaries for each rule are projected onto each axis, creating a series of 
breakpoints on each axis, the breakpoints establishing a series of intervals on 
each axis. Consider rule (2) for example. Rule (2) is known to potentially 



apply to a packet if the value of Field (A) for a specific packet falls between 
OE and 1C (HEX), that is, between binary 01 1 10 and binary 1 1 100. Rule 
(2) projects on the Y-axis for field (B) in the interval between 04 and 09 
(HEX). The pro^ ections of rules (1) and (2) are similarly shown on the axes. 
To avoid confusion in these examples, the rules are considered to include 
the breakpoints. That is, if a header value falls on a breakpoint projected by a 
rule, that rule is considered to apply. Other conditions may apply in other 
cases. 

In this illustration rule (3) is contiguous (and all rules are contiguous); 
that is, rules (1) and (3) overlap. In this example there are seven intervals 
cast on each axis, including the maximum dimension IF as a breakpoint. For 
N rules, the maximum number of intervals on an axis, including the 
maximum dimension as a breakpoint, will be 2N+1, or in this particular 
example, 7. 

Now, also in the pre-processing phase, an N-dimensional bitmap is 
created and associated with each interval. This bitmap, in this case of 3 bits 
(N=3), denotes which rules apply relative to the specific interval on the 
particular axis. For example, in the interval 03 to 07 on the X-axis for field 
(A) in Fig. 1, bolh rules (1) and (3) are associated, but not rule (2). The bit 
map for interval 03 to 07 is therefore 101. A 1 in the ith position indicates 
that rule i is associated with that interval. The bit order relative to rules is 
arbitrary, and our example relates bits left to right for fields in ascending 
numerical order. That is, a 1 in the first bit place from the left (most 
significant bit) ir dicates rule 1 is associated in the particular interval. 

Fig. 2 is a table created for the intervals on the two axes in our 
example. There are three columns in the table. The leftmost column shows 
interval breakpoints, which are the endpoints for each interval (compare with 
X-axis and Y-axis of Fig. 1) The physical interval in the table is that interval 



-10- 



with the listed breakpoint as its endpoint, and the previous breakpoint as its 
start point. 

The middle column in the table of Fig. 2 is a binary number in 
ascending order from 0 for each interval on each axis. Note for example that 
for breakpoint (endpoint) 01 for the X-axis, for which the interval is 0 to 01, 
the interval number is 001 . The intervals are numbered to provide, in a 
preferred embodiment of the invention, a unique way for structuring the 
process of determining into which interval a header value for a packet in 
process falls. 

The rightmost column in the table of Fig. 2 is the bitmap for the 
interval, which relates the rules that apply for that interval. In the case of 
interval number 001, from 0 to breakpoint 01, the bitmap is 000, as no rule 
projects on the X-axis in this interval (see again Fig. 1). 

The skilled artisan will be able to follow the breakpoints, interval 
ordering, and bitmaps for the rest of the X-axis and for the Y-axis for the 
table of Fig. 2 in this example. 

It needs to be said at this point that the pre-processing phase, including 
all projections, interval ordering, and bitmaps, remains stable as long as the 
rule set is stable, and needs to be edited and updated only when rules 
change. In some cases the rules will change frequently, and in others the 
rules will change only at longer intervals. In a routing device the rules may 
change for any o ? a number of reasons, such as load factor, time-of-day, and 
so on. There may be software for monitoring conditions and changing the 
rule set that appl es, or rule changes may be accomplished by manual input. 

In the pact et classification process, given a specific set of rules, and 
assuming the pre-processing phase is done, resulting in the table of Fig. 2, 
operation proceeds in the packet-by-packet phase. In the packet-by-packet 
phase, packets ai e taken one-at-a-time, and the applicable rule(s) are 
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determined according to the values of the header fields (two fields 
considered in this example). 

Fig. 3 is the same as Fig. 1, except a packet in process is represented 
by a point X in the two-dimensional space. The point is located by the field 
values for fields A and B. It may be assumed that this packet has been 
acquired by the system for the purpose of determining the rule which is to be 
used to process tie packet. Although two fields, thus two dimensions, are 
used in this example, the skilled artisan will recognize that a packet may be 
represented by a point in N-dimensional space, such as in as many as five 
dimensions for IPv4. 

In Fig. 3 the packet acquired for processing has a field value of 10 
(HEX) in Field (B) and 05 (HEX) in Field (A). To determine the applicable 
rule or rules, binary searches are done in a preferred embodiment of the 
invention, typically in parallel for the two axes (fields). The object of the 
binary searching s to determine the interval on each axis within which a 
projection of the point X falls. Considering, for example, the X-axis, this is 
done by selecting pertinent break points (being the projections of edges of 
rules on the axis), and determining, step-by-step, whether the projection of 
the packet point is greater than or less than the break point. By process of 
elimination the irterval into which the point projects can be isolated 
incrementally. 

A unique contribution in a preferred embodiment of the present 
invention is in determining the best break points and methods to accomplish 
the search in the least number of steps. There are, of course, a number of 
ways one may select among the breakpoints and the search may be 
conducted, some of which are less reasonable than others. 

As an example of a relatively inefficient method, one might select 
among the existi lg breakpoints without preference, and do a compare of the 
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selected breakpoint value with the packet point projection, yielding where 
the point lies relative to the selected breakpoint. Referring again to Fig. 3, 
consider, for example, a first step on the X-axis using the breakpoint 1C. A 
compare will show that the point 05 lies to the left of 1C, eliminating the 
interval from 1C to IF. One may then select any one of the breakpoints 
between 01 and 1 C, and continue the process. Eventually the correct 
interval will be isalated. 

Another possibility is to select breakpoints considering the binary value 
of the breakpoints, at a point at where the most significant bit of the X-value 
changes. In the present example, 0E is 01 1 10 and 17 is 101 1 1 . In this 
scheme one wou d select 17 as the first breakpoint. In this scheme the 
search continues by selecting breakpoints on the axes where the second bit 
changes, the third bit changes, and so on to the fifth bit. 

The present inventors, however, have determined an improved 
process, and hav -3 elected to number the intervals sequentially in binary, and 
to select breakpoints by the sequentially numbered intervals (middle column 
in Fig. 2). This scheme has an advantage in that there are three bits in the 
sequential interval numbers (in this example) rather than five bits to deal with 
in the axis values . In a preferred embodiment of the present invention the 
steps in the search proceed as follows: 

Step 1 : Breakpcint 07 is selected on the X-axis precisely because the 
interval number (middle column in Fig. 2) of all intervals on the X-axis to the 
left of (less than} this breakpoint have a 0 in the most significant bit (MSB) 
of the interval number, and the interval number of all intervals to the right of 
(greater than) th s breakpoint have 1 in the MSB. Breakpoint 09 is selected 
for the first step for the Y-axis because the interval number of all intervals 
above 09 on the Y-axis have 1 as the MSB and the interval number of all 
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intervals below 09 on the Y-axis have 0 as the MSB. Step 1 in the binary 
search for each field axis is represented in Fig. 4, with the result, which is a 
pointer to the next step. This operation for the X-axis compares the value of 
field (A), which is 05 for the packet in process, to the breakpoint 07. Since 
05<07 it is determined that the MSB of the interval number of the interval in 
which the field value lies is 0. A similar comparison on the Y-axis, using the 
breakpoint 09, at which value the MSB changes, compares 10 to 09, and 
yields 1, because 10>09. These values from step 1 become pointers to step 
2 for each axis. The step for the X-axis and the Y-axis are done in parallel in 
a preferred embodiment, and for all axes in cases with many more axes. 
After Step 1 the MSB of the interval number into which the point projects 
on each axis is determined. 

Step 2 : The tabb of Fig. 5 illustrates step 2. In the first column are the 
possible values of the pointer from step 1 (either 1 or 0 in this example) for 
each field. The second column is for the breakpoint to determine the next 
MSB, which is the middle bit of the three-bit interval number sought in this 
example. Referring to Fig. 2 and Fig. 3, it is seen that, for the X-axis, if the 
pointer to step 2 is 1, the value of field (A) on the x-axis will be in an interval 
between 07 and IF, while if the pointer to the second step is 0 the value of 
Field (A) will be in an interval between 00 and 07. In the range from 07 to 
IF, the value of lie second bit for the interval numbers changes at 17, so 17 
is the selected breakpoint. In the interval between 00 and 07 the breakpoint 
for the middle bit is 01 . For the Y-axis for field (B) ? if the pointer to the 
second step is 1 the interval sought is an interval in the range from 09 to IF, 
and the selected breakpoint is 13, where the second MSB changes value. If 
the pointer to ths second step for the Y-axis is 0, the value lies in the overall 
interval from 00 to 09, and the breakpoint for the middle bit is 03 . So step 2 
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compares the value of Field (A) with 17 if the pointer is 1 and to 03 if the 
pointer is 0. If the pointer is 1 and the field value is > 17, the pointer to the 
third step is 1 L ] f the field value is < 17 the pointer to the third step is 10. 
If the pointer is 0, and the field value is > 01 , the pointer to the third step is 
01, and if the < 01 the pointer to the third step is 00. Similarly, for the Y- 
axis for field (B), if the pointer is 1 the comparison is the value of field (B) 
with 13. If the value is > 13 the pointer to the third step is 1 1, and if the 
value is < 13 the pointer to the third module is 10. If the pointer to the 
second step is 0, the comparison is with 03, and if > the pointer to the third 
step is 01, and if < the pointer to the third step is 00. 

For the packet in process in this example, having field (A) = 05 and 
field (B) = 10, ths pointer to the third step is 01 for field (A), because 05 > 
01; while the politer to step 3 for field (B) is 10, because 10 < 13. The first 
and second MSBs for the interval numbers sought on each axis are now 
determined. 

Step 3 : Fig. 6 illustrates step 3 in general. The first column is the entry 
point, being the pointer from the second step. The second column is the 
breakpoint at which the value of the least significant bit (LSB) of the interval 
number changes for the overall interval in which the value is known to lie, 
and the comparisons and results are shown in the third column. In the 
present example the pointer from the second step for field (A) is 01, and for 
field (B) is 10. For field (A) 05 > 03, so the final result of the binary search 
on the X-axis is interval number 011. For field (B) 10 < 0B, so the final 
result for the Y-axis is interval number 101 . 

Step 4 : Step 4 relates the rules to the packet in process by virtue of the 
interval numbers on the two axes in which the point determined by the field 
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values for the packet project. This is done by entering the table (Fig. 2) 
which relates numbered intervals to the bitmaps that associate rules to 
intervals. The binary searches on the axes have determined the numbered 
interval on each zxis within which the point determined by the field values of 
the packet in process lie. Entering the table of Fig. 2 it is seen that the 
binary bit map relating rules to intervals has bit map 101 for interval 01 1 on 
the Y-axis and bi; map 101 for interval 101 on the Y-axis. 

Step5 : The fifth step combines the bit map for the interval on the X-axis 
within which the point projects, with the bit map for the interval on the Y- 
axis within which the point projects. This a logical AND operation, which 
yields 101 AND 101 = 101. 

The final result for this rather simple example is the bit map 101, 
indicating that ruies 1 and 3 both potentially apply to the packet for which 
the field values o fthe header are 05 and 10 for field (A) and field (B) 
respectively. 

Since two rules potentially apply but just a single rule must be 
selected in this example, there is default logic to select the applicable rule. In 
this example, when more than one rule applies, the rule of MSB applies. The 
MSB of the AND result (101) is for rule 1, so rule 1 is applied to the packet 
in process. In ot ler embodiments there may be other defaults and algorithms 
for tie-breaking when more than one rule potentially applies. Also, there will 
be a default for the result wherein no rule is found to apply in the 
classification pro :ess. 

It will be apparent to the skilled artisan that the illustration would be 
considerably moie complex for as many as five fields of up to 32 bits each 
and a large number of rules (IPv4), and even more complex for developing 
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Internet protocols for future use. The example provided, however, fairly 
illustrates and teaches the method in a preferred embodiment of the 
invention. 

In the embodiment of the present invention described in step-by-step 
progress above, £,s each packet arrives to be processed in the packet-by- 
packet phase, the several steps are performed and the best rule is selected for 
that packet, then another packet is processed. Again, as before, if the rules 
change, the mapping of the rules to axes has to change as well (pre- 
processing phase ) before further packets may be processed. Of course, 
tables for multipb rule sets may be stored, and the correct table selected 
when rules change. 

In another embodiment of the invention a significant improvement is 
made in the packet-by-packet phase. This improvement results from the 
present inventors discovering that the step-by-step parallel process is 
amenable to a pipelined structure and operation. 

Fig. 7 is £. structure and flow diagram for a pipelined search 
implementation i i an embodiment of the present invention. There are three 
modules in each pipeline, labeled modules 1, 2, and 3, and two pipelines, 
one for each axis in our simple example. In other cases, depending on the 
number of rules and header fields, the number of modules in a pipeline and 
the number of pipelines may also change. The modules in a preferred 
embodiment are cascaded hardware structures with associated registers for 
changing breakpoints and other data. 

Firstly, ir the pre-processing phase, rules are projected on the axes, 
and intervals are determined and numbered. The appropriate breakpoints for 
MSB, middle bit and LSB are determined and stored, and the first 
breakpoints (MSB) for module 1 for each dimension (axes X and Y) are 
loaded into modules 1 for each pipeline. Referring back to the step-by-step 
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process taught above, it will be clear to the skilled artisan that the module 1 
breakpoint will not change. The breakpoints used for succeeding modules 
will depend on the result of the immediately preceding modules. There are 
several ways this may be handled. In some embodiments each module has 
hardware structu 'e for each possibility from the preceding module. In other 
embodiments the result (pointer) from a preceding module selects the 
breakpoint for the next module as processing proceeds. 

As an example of the structure and operation of sequential modules, 
reference is made again to the steps described above with respect to Figs. 2- 
5. The first breakpoint for the X axis is 07 and the first breakpoint for the Y 
axis is 09 (Fig. 4). X and Y from Field (A) and Field (B) for a first packet 
are fed into Mod ale 1 of each pipeline. Module 1 for the X-axis determines 
on which side of 07 the point falls, and module 1 for the Y-axis determines 
on which side of 09 the point falls. Module 1 for each pipeline generates a 
pointer to the second module, and passes the point values X and Y of the 
first packet to the second module. Depending on the result of the compare 
in the first modue, the correct breakpoint is set for the compare to be made 
in the each of the second modules. At the same time header field values for 
a second packet are loaded into module 1 for each axis. 

In some embodiments the hardware structure allows for all possible 
breakpoints, which are loaded into the pipeline modules in the pre- 
processing phase. There are, in this case alternate paths in the hardware for 
the second module, and the path is selected by the value of the pointer from 
module 1 for each pipeline. In this example the alternative breakpoints for 
module 2, which are 17 or 01 for the X axis, and 13 or 03 for the Y-axis (see 
Fig. 5). The correct path is taken based on the pointer from module 1 in 
each pipeline. Module 2 for each axis determines the middle bit for the 
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interval sought fcr the packet-in-process at module 2. At the same time 
module 1 for each axis is determining the MSB for a new packet. 

Module 2 now passes a pointer and the X and Y values to module 3 
for each axis. At the same time module 1 passes a pointer and the X and Y 
values for the second packet-in-process to module 2, and values for a third 
packet are loadec into module 1 for each axis. 

Module 3 may allow for alternative hardware paths for all of the 
possibilities from module 2 for each axis, or the pointer values may be used 
to select the correct breakpoints to be loaded to the third modules in each 
pipeline (see Fig. 6). 

Module 3 for each axis determines the LSB for the first packet-in- 
process. The interval number on each axis is now known for the first packet, 
as is shown at the output of module 3 for each axis in Fig. 7. 

In a next :ycle, knowing the interval number, a table lookup returns 
the rule-association bitmap for the interval number determined for each axis 
for the first packet, and at the same time new values are loaded into the three 
modules as described above (see Fig. 2). In each cycle, a step is taken for 
each packet in each pipeline. At the end of the two pipelines an AMD 
operation resolves the bitmaps (in this case 2 bitmaps) into one bitmap, and 
the correct rule is selected by default logic. In the present example the logic 
is that the rule associated from the AND operation with the MSB is the rule 
to be applied to the packet. 

The pipelined operation proceeds, loading a new point (header field 
values for a new packet to be processed) into modules 1, and moving point 
values and pointers to next modules, and determining the rule to be used for 
packets emerging from the pipeline, as long as the rules do not change. At a 
rule change new breakpoints are determined as appropriate, which also 
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proceeds in a sequential fashion across the pipeline, assuring that the right 
breakpoints are used for the right packets in process. 

There are advantages (throughput) in many cases to accomplishing as 
much as possible with hardware and pipelined structure. As the structure is 
hardware, however, the structure itself may not be readily changed physically 
in a particular machine. The number of header fields for packets, however, 
remains constant over long periods of time. As long as determinations are 
being made for IPv4 packets, for example, the number of header fields to be 
used in classification is up to 5 and the field length is up to 32 bits. 
Therefore the number of modules provided will be, in a preferred 
embodiment, enough to accommodate the situations expected to be 
encountered. The inventors believe, at the time of the present filing, that ten 
modules will be adequate for most embodiments of the invention. For 
applications where fewer modules are needed, there will be provision for 
taking the output of the last needed module and feeding that into the table 
lookup for rule association, leaving some pipeline modules idle. The skilled 
artisan will recognize there are a number of ways this may be done. 

In alternative embodiments of the invention the pre-processing phase 
for rules changes may be done in any of a variety of ways. For example, 
rules changes may often be incremental rather than drastic. There will 
typically be known rule sets with which to deal as well. In preferred 
embodiments known rule sets will be stored, together with pre-selected 
breakpoints and other data associated with or calculated from the rule sets, 
according to fields and headers for packets to be processed, and provision is 
made for very rasid allocation of breakpoints, and so forth, at the times that 
pre-processing is needed. It will also be true that there may be cases where 
the rules change, but the change will not effect, or will not seriously effect 
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the application or rules to packets, and there is no need to recalculate or 
redistribute breakpoints for the pipeline structure. 

In another aspect of the present invention the inventors have 
determined that the search process, which is amenable to pipelining, is also 
amenable to an M-ary search, where M is a power of 2. One might do a 
quatenary search, for example, and in a specific application a quatenary (or 
higher-level) search may be advantageous. In following description a 
quatenary search will be used as an example, but the inventors intend that the 
description can also apply to higher-level searches as well. In binary 
searches one bit s determined at a time. In a quatenary search two bits, and 
in an M-ary search, where M=2 k , and k=l ? 2, . . .n ? the search determines k 
bits at a time. 

Fig. 8a and 8B illustrate the decision paths in a binary search and a 
quatenary search, respectively. In the binary search shown in Fig. 8a, from 
start the decision path is either a or b, then c or d if a, or m or n if b, and so 
on. At each decision point the path goes either one way or the other of two 
possibilities. In 1he quatenary search of fig. 8b there are four alternative 
paths at each decision point. 

In general for the quatenary search the logic for a hardwired module 
is more robust. .\lso, there needs to be more than one break point 
considered. The decision in the quatenary search typically involves logic of 
the sort: IF a>b ,\ND c >d, then e, OR if a<b AND f>g, then h, OR (and so 
forth). The logic can be worked out and implemented in silicon to do the 
quatenary searct, and the necessary structures are within the ability of those 
with ordinary sk 11 in the art. 

The inve itors have provided in another embodiment of the present 
invention yet another novel way to do a search, for those cases when the 
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circumstances warrant, and it can be done with structure little different in 
hardware than that designed for binary searching. 

Fig. 9 is i, pipeline structure similar to that illustrated in Fig. 7 having 
three modules and two pipelines, which is capable of resolving intervals for 
which the structi re of Fig. 7 would require six modules. In Fig. 9 the 
indication of registers for breakpoints as illustrated in Fig. 7 has been 
removed to avoid the drawing becoming confused, but the breakpoint 
registers are still associated with the modules. In the pipelines of Fig. 9 the 
basic hardware sxucture is essentially the same as in Fig. 7, and the 
operations are much the same, except each module is used twice. The return 
loop arrow shown from the output of each module back to the input of the 
same module illustrates this repeated use. 

The pipelines of Fig. 9 operate as follows: Field values for a first 
packet enter module 1, and module 1 now has access to the first breakpoint 
for the MSB. ths module outputs a pointer indicating the compare for the 
MSB, and that pointer is fed back into module 1 as indicated by the return 
loop arrow. At the same time the pointer is fed back the breakpoint is 
indexed to the breakpoint to find the next most significant bit. The operation 
of the same module then determines the next significant bit for the interval 
number. After the second pass for a module, the pointer goes to the next 
module. 

The net effect of the pipelines of Fig. 9 is that each module provides 
a double step and the overall pipeline length is shortened. It is possible, to 
use a single binary search module any number of times, rather then twice as 
described above, and many alternative structures are provided for different 
situations, saving silicon real estate and gates at the expense of latency in 
indexing breakpoint values and the like. There are situations and 
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circumstances where this may be advantageous, and circumstances where the 
longer pipelines may be advantageous. 

In yet another aspect of the present invention, the inventors have 
determined that there may be special circumstances wherein interleaving 
between pipeline;; may be in order. Consider, for example, the case where a 
large number of mles may be disqualified in a search done on one axis. 
Since, to be applicable to a packet, a rule has to be applicable on all axes, 
any rules that do not apply on one axis do not have to be considered on 
another axis. If the pipeline process is performed entirely in parallel, then the 
search is done for all rules in the parallel pipeline for each axis, yet the search 
might be greatly simplified (fewer intervals for projection of fewer rules) if 
the pre-processirg were redone for a second axis after eliminating rules in a 
search done on the first axis. There would, of course, be a penalty of the 
loss of the advantage of the parallel pipelining. In some cases the reduction 
in time for succeeding searches might more than offset the penalty of the loss 
of parallelism. 

There are; a great variety of ways that interleaving might be done. 
For example, in one embodiment, all of the rules may be projected on a first 
axis, breakpoints determined, intervals numbered, and then a single step-by- 
step process usirg an appropriate number of modules is used to complete a 
search on the first axis for a candidate packet. The pipeline may be 
constructed in any of the ways herein discussed; for instance to perform a 
binary search, a quatenary search, to reuse modules, and so forth. 

In this first exemplary embodiment, once the interval is determined 
on one axis in w lich the first packet projects, the table lookup is done for 
the bit map that issociates rules to intervals, and the bitmap is saved. Now 
use is made of the information just determined, that the candidate packet 
associates with c ertain rules as a result of its projection on the first axis, but 
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equally importan;ly, there is an entire set of rules with which the packet does 
not associate. Returning to Fig. 3 and the associated descriptions above, it 
may be seen that rule 2 is ruled out in the first step. The candidate packet 
having X(05) and Y(10) projects on the X-axis in consecutively numbered 
interval number Oil, and rule 2 does not apply. 

The search on the Y-axis may now be simplified. Only two rules are 
still candidates alter the search on the X-axis, so the number of intervals on 
the Y-axis is fewer (5 instead of 7). The search on the Y-axis, then, will 
require fewer modules, and the rule association on the Y-axis may be 
determined more quickly than on the X-axis. Once the bit map is determined 
for the Y-axis, it is ANDed with the saved bit map from the X-axis, and the 
final rule selection is made. 

It will be apparent that in more sophisticated situations, wherein 
there are many rules, there may be situations where a first pass on a single 
axis will eliminate most of the rules. In such situations perhaps only very 
few additional axes may have to be considered until only one rule (or no 
rule) is found to be applicable, at which point the classification is complete. 

In still another alternative embodiment, after a first pre-processing 
phase, in which mle projections are made, intervals are numbered, and 
breakpoints assigned to whatever hardware structure is provided for the 
search function, short test searches are made to determine the apparent 
advantage of various approaches. For example, one makes a short search on 
the X-axis utilizing just one binary search module, and records which (and 
how many) rules are eliminated. The same short search is then done for a 
second axis, and the result compared with the result of the first short search. 
When (and if) a first short search yields a large sacrifice of rules, that is, a 
great proportion of the rules are ruled out, then the intervals are recast on 
the remaining ases, and the searches continued. In this embodiment, as a 
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further refinemert, once a large number of rules are ruled out, the pre- 
processing phase is redone, and the search proceeds with the full 
complement of parallel pipelines., requiring a significantly foreshortened 
search process. 

The inventor notes here, that in these embodiments and variations of 
these embodiments, once a first pre-processing phase is done for the full 
contingent of rules, it is not necessary that the pre-processing be redone 
because certain rales are eliminated as candidates for a packet in process. 
Rather, the tables for numbering, rule association, and the like can be altered 
in a systematic ir anner, because all of the information required on any axis 
for a subset of the original rules will be in the information for the full set of 
rules. 

In yet another slightly different embodiment, a set of breakpoints may 
be defined based simply on the range on the axes (a function of the number 
of bits in a header field for a packet), rather than by projecting the rules on 
the axes. These defined (and constant for range) breakpoints may simply 
divide the axis into equal-length intervals of any convenient number, 
preferably in powers of two. For example, 16 intervals. Foreshortened 
searches may be made on the basis of these defined intervals to determine 
expected advantage, then the projected interval breakpoints may be used in 
the subsequent long search. 

In still other embodiments, there will be statistical operations and 
other historical functions. In these embodiments separate logic determines 
load factors and trends for types of packets, and applies selectivity in 
classification operations based on statistical variations. For example, if the 
statistical operations determine that a great preponderance of packets are of 
the same type, source, and destination over a period of time, then the 
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classification process may be greatly simplified until the mix and load factors 
change. 

The skilled artisan will realize that there are a large number of 
alterations that night be made in the embodiments described herein, and that 
different designers might design the hardware and procedures differently in 
many cases, white staying well within the bounds of spirit and scope of the 
present invention. The scope of the invention, then, should be limited only 
by the claims wiv ch follow. 
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Whatis claimed is: 

1 . A systeri for classifying packets, wherein each packet has N header 
fields to be used for processing, the system comprising: 

a first set of rules associating to the packets by values of the header 
fields; and 

a classification system for selecting specific rules in the set of rules as 
applicable to a specific packet; 

characterized in that the classification system projects the first set of 
rules as N-dimensional entities on N axes in N-dimensional space, marking 
the beginning and ending value on each axis for each rule as a breakpoint, 
numbers intervals between breakpoints in sequential binary numbers, 
associates a subset of the first set of rules as applicable in each interval 
between breakpoints on each axis, then considers a packet as a point in the 
N-dimensional space according to its header field values, locates the binary 
numbered intervitl into which the point projects on each axis by performing a 
search on each ads for the numbered interval into which the point projects 
on that axis, thereby determining rules applicable to the packet for that axis, 
and then determines the specific rules applicable to the packet from the 
subsets of rules by selecting those rules as applicable to the packet that apply 
to the packet on all of the N axes. 

2. The system of claim 1 wherein the search performed on each axis is a 
binary search co lducted by selecting breakpoints at which the bits change 
for the binary numbered intervals. 

3. The system of claim 1 wherein the search performed on each axis is a 
quatenary or higher-level M-ary search, where M is a power of 2, conducted 
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by selecting breakpoints at which the bits change for the binary numbered 
intervals. 

4. The system of claim 1 wherein association of applicable rules in each 
numbered interval is made by associating a binary string with each interval, 
with one bit dedbated to each rule. 

5. The system of claim 4 wherein the rules are associated to bit positions in 
the binary string by priority, the order of priority according to bit 
significance, and a final rule is selected by the most significant 1 in the 
matching rules. 

6. The system of claim 4 wherein the applicable rules are found by ANDing 
the binary strings determined for each axis over all axes. 

7. The system of claim 1 comprising at least one hardware pipeline for 
conducting the search on an axis, the pipeline comprising first, second, and 
sequential modu es for accomplishing increasingly particular portions of the 
search, wherein, after the first module of the sequential modules is used, 
determined values from the first module pass to the second module, and 
values for a seccnd packet enter the pipeline at the first module, the pipeline 
operations proce eding thus sequentially. 

8. The system of claim 7 comprising parallel pipelines with one pipeline 
dedicated to seaxhing on each axis in the N-dimensional space, wherein 
searches are conducted for applicable intervals simultaneously on each axis. 
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9. The system of claim 8 wherein applicable rules for each interval on each 
axis are represen ted by individual bitmaps, with each rule assigned a bit 
position, and wherein the outputs of the parallel pipelines, being the 
numbered intervel on each axis into which the point for a packet projects, 
are exchanged for the associated bitmaps, which are then ANDed to 
determine the applicable rules. 

10. The system cf claim 1 wherein searching is interleaved, results of 
searching on one or more axes being applied to other axes before searching 
on the other axes, 

1 1 . The system cf claim 10 wherein rules that are found by search to not 
apply on one or more axes are not considered in searches conducted on the 
other axes. 

12. A method for classifying packets in routing, wherein each packet has N 
fields to be used in processing in a header, comprising the steps of: 

(a) projecting the rules as N-dimensional entities on N axes in Tri- 
dimensional space; 

(b) marking the beginning and ending value on each axis for each rule 
as a breakpoint; 

(c) numbering intervals on each axis sequentially with binary 
numbers; 

(d) identifying those breakpoints at which bits in the interval numbers 

change; 

(e) associating a subset of the rules as applicable in each interval on 
each axis; 



-29- 



(f) considering a packet as a point in the N-dimensional space 
according to vak es of the header fields for the packet; 

(g) deterroining by search the binary numbered interval on each axis 
into which the packet point projects; 

(h) substituting the subset of rules that apply for each determined 
interval; and 

(i) selecting those rules as applicable to the packet that associate to 
the packet on all of the N axes. 

13 . The method of claim 10 wherein, in step (g) the determination is made 
by a binary search. 

14. The method of claim 12 wherein, in step (g), the determination is made 
by a quatenary o r higher-level M-ary search. 

15. The method af claim 12 wherein, in step (e), association of applicable 
rules in each numbered interval is made by associating a binary string with 
each interval, wr:h one bit dedicated to each rule. 

16. The method of claim 15 wherein the rules are mapped to bit positions in 
the binary string by priority, the order of priority according to bit 
significance, and a final rule is selected by the most significant 1 in the 
matching rules. 

17. The method of claim 15 wherein, in step (i), the matching rules are found 
by ANDing the binary strings determined for each axis over all axes. 
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18. The method of claim 12 wherein, in step (g), the search is conducted by 
sequential modules in at least one hardware pipeline, the pipeline comprising 
first, second, and sequential modules for accomplishing increasingly 
particular portions of the search, and wherein, after the first module of the 
sequential modules is used, determined values from the first module pass to 
the second module, and values for a second packet enter the pipeline at the 
first module, the pipeline operations proceeding thus sequentially. 

19. The method of claim 17 comprising parallel pipelines with one pipeline 
dedicated to searching on each axis in the N-dimensional space, wherein 
searches are conducted for applicable interval simultaneously on each axis. 

20. The method of claim 19 wherein applicable rules for each interval on 
each axis are represented by individual bitmaps, with each rule assigned a bit 
position, and wherein the outputs of the parallel pipeline, being the 
numbered intervjil on each axis into which the point for a packet projects, 
are exchanged fcr the associated bitmaps, which are then ANDed to 
determine the second set of matching rules. 

21. The method of claim 12 wherein, in step (g) searching is interleaved, 
results of searching on one or more axes being applied to other axes before 
searching on the other axes. 

22. The method of claim 21 wherein rules that are found by search to not 
apply on one or nore axes are not considered in searches conducted on the 
other axes. 
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23 . In a system for classifying packets by binary or higher-level searching 
for intervals into which rules project on axes, a method for simplifying a 
search, comprising steps of: 

(a) conducting a first search on one or more axes; and 

(b) using information from the first search to simplify further 
searching on remaining axes. 



-32- 



Abstract of the Disclosure 

For routi lg packets by rules in a packet network, a system and 
method in a rout ng device for selecting rules to apply to packets having 
each N fields in i, header, considers rules as entities in N-dimensional space, 
projects the rules* onto N-axes in the space, marks the beginning and ending 
of each projection as breakpoints, numbers intervals between breakpoints in 
sequential binary numbers, associates a subset of the set of rules as 
applicable to each interval between breakpoints on each axis, then considers 
a packet as a point in the N-dimensional space according to its header field 
values, locates the binary numbered interval into which the point projects on 
each axis by performing a search on each axis for the numbered interval into 
which the point projects on that axis, thereby determining the subset of rules 
applying to the packet for that axis, and determines the second set of 
matching rules from the subsets of rules by selecting those rules as matching 
the packet that apply to the packet on at least one of the N axes. Optional 
and enhanced methods are taught for special circumstances. 
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DECLARATION AND POWER OF ATTORNEY FOR PATENT 

APPLICATION 

ATTORNEY DOCKET NO.P3807 



As a below named inventor, [ hereby declare that: My residence, post office address and citizenship are as stated be 
low next to my name. I believe I am the original, first and sole inventor (if only one name is listed below) or an 
original, first and joint inven,or (if plural names are listed below) of the subject matter which is claimed and for which 
a patent is sought on the invention entitled: Wire-speed Multi-dimensional Packet Classifier 

the specification of which (c leek one) IS is attached hereto. 

□ was filed on: 
□Application Serial No. 

□ and was amended on 

(If applicable) 

I hereby state that I have renewed and understood the contents of the above-identified specification, including the 
claims, as amended by any amendment referred to above. I acknowledge the duty to disclose information which is 
material to the examination of this application in accordance with Title 37, Code of Federal Regulations, s 1 .56 (a). In 
the case that the present appication is a continuation-in-part application, I further acknowledge the duty to disclose 
material information as defined in 37 CFR s 1 .56(a) which became available between the filing date of the prior 
application and the filing da,e of the present application. I hereby claim foreign priority benefits under Title 35, United 
States Code si 1 9 of any foreign applications for patent or inventor's certificate listed below and have also identified 
below any foreign application for patent or inventor's certificate having a filing date before 
that of the application on wliich priority is claimed: 
Prior Foreign Application^) 

(Number) (Country) (DayMonth/Year Filed) 

(Number) (Country) (Day/Month/ Year Filed) 

I hereby claim the benefit mder Title 35, United States Code, si 20 of any United States applications) listed below 
and, insofar as the subject matter of each of the claims of this application is not disclosed in the prior United States 
application in the manner pi o vided by the first paragraph of Title 35, United States Code, si 12, 1 acknowledge the duty 
to disclose material information as defined in Title 37, Code of Federal Regulations, si 56(a) which occurred between 
the filing date of the prior application and the national orJPCT international filing date of this application. 

(Application Serial No.^: SO/180.998 (Filing Date): 02/08^000 (Status)- pending 

(Apphcation Serial No.): (Filing Date): (Status): 

(Application Serial No.): (Filing Date): (Status): 

(Application Serial No.): (Filing Date). (Status): 

(Apphcation Serial No.): (Filing Date): (Status): 

POWER OF ATTORNEY: As a named inventor, I hereby appoint the following attorney(s) and/or agent(s) to 
prosecute this application a ad transact all business in the Patent and Trademark Office connected therewith. 
(List name and registratior number) 

Name:Donald R. Boys Reg. No. 35,074 



SEND CORRESPONDENCE TO: 
Donald R. Boys 
P O. Box 187 
Aromas, CA 95004 



DIRECT TELEPHONE CALLS TO: 
Donald R. Boys (831) 726-1457 



I hereby declare that all statements made herein of my ow knowledge are true and that stf statements made on 
information and belief are be teved to be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or both> under Section 100! of 
Title 1 S of the United States Code and that such willful false statements may jeopardize the validity of the application 
01 any patent issued thereon. 



Full name of sole ot first inventor Rodolfo M iftto \ . } 

1 st inventor's signature* i^^ ^^j^ . 

Residence. Los Gato s. CA Citizen bhnr Aryenfiter '~ rf y' 
Post Office Address. 750 Ut ivers itv Ay,. L os Gato&. CA 95032 

Full name of 2nd joint invenor, if any. Adolfo N&mir ov.sky — — 



2nd in\entor l s signature. /I 



Residence San lose, CA CjjMfensmp. USA 
Post Office Address. 750 ^tivmnty Av - JUeirtyatos^ 95032 



Full name of 3rd joint invent or, ' f an^ ^laqo^tgu^S'-sk y 



3rd inventor's signature,.^ 
Residence- Saratoga, CA" Citizen 




.Dated. 6/1 TO 



Dated. 6/1/00 



Dated; 6/1/00 



Full name of 4th joint inventor, if any 

4th inventor's signature* , Dated' 

Residence. Crtirer ship: 

Post Office Address. wvm _ 

Full name of 5th joint inverter, if any. 

5th in venter^ signature: Dated 1 

Res-dence: Citizenship* 

Post Office Address* 



Full name of 6th joint inventor, if any: 



oth i n ventor's signature _ _ Dated 

Residence; Citizen ship' 

Post Office Address' 



Full name of 7th jomt investor if any 

7th inventor's signatui e Dated. 

Residence 1 Citizenship. 

Post Office Address' 



Full name of Stb joint inventor if any 



8th inventor's signature. , Dated: 

Residence; Citizenship; v 

Post OtSce Address* 
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